The ultrastructure of spermiogenesis in Wenyonia virilis Woodland, 1923, a caryophyllaeid cestode from the silurid Nile fish Synodontis schall (Bloch et Schneider, 1801), is described by means of transmission electron microscopy (TEM) for the first time. Spermiogenesis follows the characteristic caryophyllidean type and is initiated by the formation of a differentiation zone. This area, delimited at its base by a ring of arching membranes and bordered by cortical microtubules, contains two centrioles associated with typical striated rootlets with a reduced intercentriolar body between them. The apical area of the differentiation zone exhibits electron-dense material that is present only during the early stages of spermiogenesis. Only one of the centrioles develops into a free flagellum that grows at an angle of >90° in relation to the cytoplasmic extension. Spermiogenesis is also characterized by a flagellar rotation and a proximodistal fusion of the flagellum with the cytoplasmic extension. The most interesting features observed in W. virilis are the presence of a reduced, very narrow intercentriolar body and the unique type of flagellar rotation >90°. Results are compared with those described in two caryophyllideans, Glaridacris catostomi Cooper, 1920 and Khawia armeniaca (Cholodkovski, 1915). Contrary to the original report of OEwiderski and Mackiewicz (2002) , that flagellar rotation has never been observed in spermiogenesis of G. catostomi, re-assessment of their description and illustrations leads us to conclude that flagellar rotation must logically occur in that species. The value of various morphological features of sperm in phylogenetic inference is discussed.
Introduction
The ultrastructure of spermiogenesis and the spermatozoon is a recognized valuable tool for analysis of phylogenetic interrelationships among the Platyhelminhes (OEwiderski 1968 (OEwiderski , 1986 Euzet et al. 1981; Justine 1991 Justine , 1998 Justine , 2001 Justine , 2003 Bâ and Marchand 1995) . Rapid progress in recent studies on the cestode spermatozoa has revealed numerous new ultrastructural characters showing a great degree of variation. These numerous supplementary characters are constantly increasing the degree of utility of sperm ultrastructure for analysis of cestode phylogeny and evolution (Hoberg et al. 1997 (Hoberg et al. , 1999 Olson et al. 2001) . Three or four different patterns of cestode spermiogenesis have been distinguished by different authors (OEwiderski 1986, Bâ and Marchand 1995) . Most papers, however, refer to species in over 30 genera in the order Cyclophyllidea (see Justine 2001 Justine , 2003 Ndiaye 2003) . In the Caryophyllidea, which are generally considered the most primitive order of the true cestodes (Eucestoda), there are only two TEM studies on spermiogenesis ultrastructure: Glaridacris catostomi (Caryophyllaeidae) by OEwiderski (1986) and OEwiderski and Mackiewicz (2002) and Khawia armeniaca (Lytocestidae), by .
In parallel with TEM studies, there has been a rapid increase of research based on molecular analyses of tapeworm phylogenesis (see Olson and Caira 1999 , Kodedová et al. 2000 , Hoberg et al. 2001 , Brabec et al. 2006 , Waeschenbach et al. 2007 . Con-trary to earlier views, these studies now provide data which apparently indicates that the phylogenetic position of the Caryophyllidea cannot be considered as basal within the Eucestoda. However, the placement of caryophyllideans by means of molecular methods may also vary, depending on the sequences and/or fragments of ribosomal DNA utilized for analysis. The results may be quite variable with the use of small (SSU) or large (LSU) subunit of ribosomal DNA, combined 20 
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Figs 1 and 2. TEM micrographs of Wenyonia virilis testes showing numerous differentiation zones (1) and several cross-sections at the level of the two elongating processes (the cytoplasmic extension and the free flagellum) in a stage prior to their proximodistal fusion (2). Abbreviations to all figures: AM -arching membranes, Ax -axoneme, CB -centriolar bud, C -centriole, CE -cytoplasmic extension, CM -cortical microtubules, DM -electron-dense material, F -flagellum, ICB -intercentriolar body, M -mitochondrion, N -nucleus, RC -residual cytoplasm, SR -striated rootlets, ZD -zone of differentiation Ultrastructure of spermiogenesis in caryophyllidean cestodes 21
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Figs 3-8. The initial stages of spermiogenesis in Wenyonia virilis. 3. Initial stage of spermiogenesis showing a zone of differentiation with the two centrioles. 4. Detail of a centriole in cross-section. 5. Detail of the intercentriolar body region. 6. Longitudinal section of a zone of differentiation. Note the presence of electron-dense material in the cytoplasmic extension. 7. Zone of differentiation showing the growth of the free flagellum with an angle more than 90° with respect to the cytoplasmic extension. 8. Zone of differentiation during flagellar rotation SSU and LSU, elongation factor 1-α, and total evidence integrating morphology and molecules (for review, see Mackiewicz 2003) . Because of varying conclusions, ultrastructural data on spermatology of caryophyllideans may provide supplementary data to help resolve this debate. The aim of the present paper is to present ultrastructural data on spermiogenesis of a third caryophyllidean species, Wenyonia virilis Woodland, 1923 and to correct the description of OEwiderski and Mackiewicz (2002) of spermiogenesis in Glaridacris catostomi Cooper, 1920.
Materials and methods
The mature specimens of Wenyonia virilis Woodland, 1923 were obtained from the catfish Synodontis schall (Bloch et Schneider, 1801) (Siluriformes, Mochokidae) collected in the Nile River at El-Minia, Upper Egypt.
The living cestodes were placed in a 0.9% NaCl solution. After dissection, different portions of mature cestode were routinely processed for TEM examination. Specimens were fixed in cold (4°C) 2.5% glutaraldehyde in a 0.1 M sodium cacodylate buffer at pH 7.2 for a minimum of 2 h, rinsed in a 0.1 M sodium cacodylate buffer at pH 7.2, postfixed in cold (4°C) 1% osmium tetroxide in the same buffer for 1 h, rinsed in a 0.1 M sodium cacodylate buffer at pH 7.2, dehydrated in an ethanol series and propylene oxide, and finally embedded in Epon. Ultrathin sections were obtained using a ReichertJung Ultracut E ultramicrotome, placed on copper grids and double-stained with uranyl acetate and lead citrate. Ultrathin sections were examined using a JEOL 1010 transmission electron microscope operated at 80 kV.
Results
The ultrastructural aspect of spermiogenesis in Wenyonia virilis Woodland, 1923 The two external plates are thin and the central plate is much thicker (Fig. 5 ). Each centriole is formed by 9 triplets arranged in a circle around a central structure (Fig. 4) and is associated with a striated rootlet (Figs 5, 6, (8) (9) (10) ). An electrondense material (Figs 3, 6, 7 and 16 ) is observed in the apical or distal areas of the differentiation zones. An elongating process of the cytoplasmic extension is formed in the apical area of each zone of differentiation (Figs 2, 6-10 and 16). The cortical microtubules migrate into the cytoplasmic extension during its development and elongation (Figs 6, 9, (11) (12) (13) ).
In the initial stage of spermiogenesis, one of the centrioles forms a free flagellum that grows rapidly, forming an angle of more than 90° to the cytoplasmic extension (Figs 6, 7 and 16). The second centriole remains for some time in a centriolar bud (Figs 9 and 16) and is oriented more or less perpendicularly to the intercentriolar body. The second centriole aborts rapidly after the rotation of the free flagellum (Figs 9 and 10). At the end of this flagellar rotation, the position and orientation of the free flagellum is parallel to the cytoplasmic extension (Figs 10-13 and 16). At this stage, two very small islands of electron-dense material, the so-called "attachment points", appear on the inner surface of the plasma membrane in the cytoplasmic extension (Fig. 12) . The nucleus rapidly enlarges and elongates, moving across the ring of the arching membranes, therefore initiating its rapid migration along the spermatid body, which takes place during initial stages of spermiogenesis and before the proximodistal fusion of the free flagellum and spermatid body (Figs 7-9, 13 and 16). The elongating nucleus usually shows a rather low degree of heterochromatin condensation, which appears more or less fibrillar on longitudinal ( Fig. 14) and cross-sections (Fig. 15) . The axoneme has a 9 + '1' microtubular configuration (Fig. 15) . No crested body was observed during spermiogenesis until now.
Proximodistal fusion continues after the flagellar rotation (Figs 14-16) and the attachment points are visible in the future spermatozoa, indicating the area of fusion of the two processes (Fig. 15) . Sperm differentiation ends with the constriction of the ring of the arching membranes and a complete liberation of the spermatozoon (Fig. 16 ). 
Discussion
The evolutionary or taxonomic significance of sperm structure of Wenyonia virilis must be viewed in the light of various characteristics of the genus. With eight species (Ukoli 1972) , Wenyonia is restricted to Africa where it is the most widely reported caryophyllid (Khalil and Polling 1997) . Unlike Glaridacris and Khawia, from catostomid and cyprinid hosts respectively, Wenyonia is from siluroid fish. In addition to these zoogeographical and host differences, there are pronounced morphological ones. For example, uterine glands are absent (Woodland 1926 , Oros et al. 2008 ) and the gonopores are distinctly in the anterior half of the body with a small testes field that is less in length than the extent of the uterus. Wenyonia and Djombangia Bovien, 1926 appear to be the only two caryophyllid genera that lack uterine glands. Of all other genera of the family Caryophyllaeidae, only Pliovitellaria Fischthal, 1950, a monotypic genus from cyprinids in North America, has anterior, pre-uterine gonopores, however, the testes field is clearly greater in length than that of the uterus. Furthermore, one-half of the Wenyonia species have a postovarian region that is greater in length than the preovarian region, a characteristic shared only by the lytocestid Caryoaustralis Mackiewicz et Blair, 1980 , from Australia. In addition, the scolex is of the rugomonobothriate type, unique to Wenyonia and Monobothrioides Furhmann et Baer, 1925, both found only in Africa (Ibraheem and Mackiewicz 2006) . Finally, from a developmental aspect, it appears that W. virilis "…exhibits less of a tendency toward progenesis than of any other caryophyllid", according to Ibraheem and Mackiewicz (2006: 56) . Because of these pronounced morphological differences, Hunter (1927) relegated Wenyonia to its own subfamily (= family). Moreover, the recent cladistic analysis of the phylogenetic relationships of the monozoic tapeworms found that Wenyonia and Hunterella Mackiewicz et McCrae, 1962 did not form a monophyletic group with other caryophyllaeids but formed a sister group with gyrocotylideans, one of the out groups (Oros et al. 2008) . From all of these morphological characteristics, varied systematic treatments and the cladistic analysis, it is clearly evident that Wenyonia stands apart from most other caryophyllaeids. For that reason, sperm morphology takes on an added significance in possibly offering clues as to the systematic relationship of Wenyonia to other caryophyllaeid genera.
Except for the report by OEwiderski and Mackiewicz (2002) that flagellar rotation was never observed in Glaridacris catostomi, as far as we know, flagellar rotation appears to be characteristic of spermiogenesis of the majority of cestodes, with the exception of some cyclophyllideans examined so far. In view of the recent study of spermiogenesis in Khawia armeniaca by and also our findings on W. virilis in which flagellar rotation is a conspicuous process in caryophyllid spermiogenesis, we were prompted to re-assess the G. catostomi data. From the series of illustrations in figure 35 of OEwiderski and Mackiewicz (2002) , in order to have proximodistal fusion with the cytoplasmic extension, it is logical that there must be rotation to bring the axoneme parallel to the body of the spermatid. Until there is conclusive evidence that flagellar rotation is absent from Glaridacris, we accept the thesis that it is a normal process in spermiogenesis of G. catostomi.
Spermiogenesis in W. virilis follows the general caryophyllidean type as described in G. catostomi by OEwiderski (1986) and OEwiderski and Mackiewicz (2002) and in K. armeniaca, by BruÁanská and Poddubnaya (2006) , or the so-called "type 2", according to the classification of Bâ and Marchand (1995) . From Table I , one can see that there are similarities and also differences with the sperm of K. armeniaca and G. catostomi. For example, as in K. armeniaca, the axoneme of W. virilis is incorporated within the cytoplasmic extension and is adjacent to the nucleus, as observed in pseudophyllideans and cyclophyllideans. In G. catostomi, on the other hand, the axoneme does not fully become incorporated within the cytoplasmic extension because the fusion is superficial. The differentiation zones of early spermatids of W. virilis initially contain two well-developed striated rootlets, each associated with one centriole. In K. armeniaca spermatids, these striated rootlets are still present during the period of growth and rotation of the free flagellum and disappear only after its proximodistal fusion with the cytoplasmic extension (BruÁanská and Poddubnaya 2006) . While striated rootlets in W. virilis and G. catostomi spermatids (OEwiderski and Mackiewicz 2002) are very similar, both species lack the two jointed rootlets associated with the abortive centriole, as described from K. armeniaca by BruÁanská and Poddubnaya (2006) . Another difference is in the number of plates in the intercentriolar body. In W. virilis, it is composed of three plates: two external thin plates and a much thicker, central one; in K. armeniaca, the intercentriolar body is formed by a single electron-dense plate (BruÁanská and Poddubnaya 2006) . The number of plates in G. catostomi was not determined (OEwiderski and Mackiewicz 2002) .
Perhaps the most unusual feature of the Wenyonia spermiogenesis is a flagellar rotation of the free flagellum forming an angle >90° with the cytoplasmic extension, a condition not observed in any other cestode. The significance of this unusual type of flagellar rotation in Wenyonia must await further study of still other caryophyllid genera. Given the wide range of similarities and differences, Wenyonia shares characteristics of sperm found in both families, Caryophyllaeidae and the Lytocestidae. While much of the process of spermiogenesis in Wenyonia is generally similar to that of Glaridacris and Khawia, the unusual flagellar rotation suggests that the genus may stand apart from all other caryophyllaeids. To what extent this suggestion can be supported may be revealed by further ultrastructural studies now in progress.
There are, however, certain differences and/or particularities of spermiogenesis when it is compared with spermiogenesis of closely related, polyzoic cestodes. One of these differences concerns the characteristic accumulations of electron-dense material in the apical area of the zone of differentiation from early stages of spermiogenesis of W. virilis and also observed in K. armeniaca by BruÁanská and Poddubnaya 25 Jordi Miquel et al. (2006) . Similar electron-dense material has also been described in the spathebothriidean Cyathocephalus truncatus by BruÁanská et al. (2006) and in four species of the former "pseudophyllideans", Eubothrium crassum by BruÁanská et al. (2001) , Triaenophorus nodulosus by Levron et al. (2005) , Bothriocephalus scorpii by Levron et al. (2006a) and Diphyllobothrium latum by Levron et al. (2006b) . Localization of electron-dense material in cestodes is sometimes restricted to the centriolar areas, for example in some cyclophyllideans with the so-called "centriolar adjunct" or centriole associated structures (Bâ et al. 1991 (Bâ et al. , 2000 Bâ and Marchand 1994; Miquel et al. 2005; Eira et al. 2006) . Moreover, in some of these cyclophyllideans, such as Gallegoides arfaai and Mosgovoyia ctenoides, the electron-dense structures associated with centrioles are still present when the axonemes are already formed , Eira et al. 2006 . On the other hand, in the caryophyllideans, spathebothriideans and former "pseudophyllideans", recently subdivided into Bothriocephalidea and Diphyllobothriidea (Kuchta et al. 2008) , the electron-dense material is present only during the initial stages of spermiogenesis. According to BruÁanská and Poddubnaya (2006) , this feature can be regarded as characteristic of the basal or "lower" cestode orders.
A reduction of the intercentriolar body has also been observed in the pseudophyllideans, E. crassum, T. nodulosus, B. scorpii and D. latum (BruÁanská et al. 2001; Levron et al. 2005 Levron et al. , 2006a , the tetraphyllideans Acanthobothrium filicolle filicolle and Phyllobothrium lactuca (Mokhtar-Maamouri 1982 , SPne et al. 1999 , the proteocephalideans Nomimoscolex sp., Proteocephalus longicollis, P. torulosus and Corallobothrium solidum (SPne et al. 1997; BruÁanská et al. 2003 BruÁanská et al. , 2004 BruÁanská et al. , 2005 , the lecanicephalidean Tetragonocephalum sp. (Justine 2001) , and the cyclophyllideans (family Mesocestoididae), Mesocestoides litteratus and M. lineatus (Miquel et al. 1999 (Miquel et al. , 2007 . In his extensive review papers, Justine (1998 Justine ( , 2001 considers the presence of the intercentriolar body within the Eucestoda as a plesiomorphic or ancestral character. Their absence or reduction in size, conversely, could represent a synapomorphy for the higher groups of Cestoda, but showing polymorphism (Hoberg et al. 1997 (Hoberg et al. , 1999 (Hoberg et al. , 2001 Justine 1998 Justine , 2001 . The reduction in the number of plates of the intercentriolar body in the spermatids of W. virilis, is the second species within the order Caryophyllidea with this characteristic. Such a reduction may represent a homoplasy, according to BruÁanská and Poddubnaya (2006) .
The flagellar rotation forming an angle >90° with the cytoplasmic extension appears to be a unique feature of spermiogenesis of Wenyonia because it has not been reported from any other cestode species. Such a rotation, nevertheless, is relatively frequent in digeneans, in particular in species from the Fasciolidae, Dicrocoeliidae, Monorchiidae, Opecoelidae and Allocreadiidae (Ndiaye et al. 2003a; Levron et al. 2003 Levron et al. , 2004 Agostini et al. 2005; Quilichini et al. 2007a, b) . As indicated above, rotation is concluded to be present in G. catostomi and may be similar to that of K. armeniaca (Table I) . A flagellar rotation with an angle of <90° has been described from three 26 OEwiderski (1986) and OEwiderski and Mackiewicz (2002) . ** Spermiogenesis type according to Bâ and Marchand (1995) .
Ultrastructure of spermiogenesis in caryophyllidean cestodes cyclophyllideans: the catenotaeniid Catenotaenia pusilla (Hidalgo et al. 2000) , the paruterinid Anonchotaenia globata (Yoneva et al. 2008 ) and the taeniid Taenia parva (Ndiaye et al. 2003b ). Both flagellar rotation and a reduction in the plates of the intercentriolar body are variable characters. The presence of an intercentriolar body during spermiogenesis, a plesiomorphic character within the Eucestoda (see Justine 1998) , was traditionally considered a binary character. However, considering the reduction and polymorphism observed in many cestode species, Justine (2001) has recorded the intercentriolar body as a multistate character in the matrix of spermiological characters; its absence is considered as a synapomorphy for higher groups of Eucestoda. Flagellar rotation has always been evaluated as a binary character (see Hoberg et al. 1997 Hoberg et al. , 2001 Justine 1998 Justine , 2001 Olson et al. 2001) . Nevertheless, flagellar rotation, with the existing variability from >90°c ould also be interpreted as a multistate character because of the gradual reduction of the angle of rotation of free flagellum/flagella (see Miquel et al. 2006) .
Phylogenetic analysis of the eucestodes based on molecular studies (Olson and Caira 1999 , Kodedová et al. 2000 , Brabec et al. 2006 reveal that the Caryophyllidea do not represent a basal group of tapeworms and that they remain closely related with the Haplobothriidea and the Diphyllobothriidea, from the former order "Pseudophyllidea" (Kuchta et al. 2008) . Representatives of both of these orders, however, have spermatozoa with two axonemes, in contrast to the single one of caryophyllideans. Spermatids of both caryophyllideans and diphyllobothriids, nevertheless, show the presence of a reduced intercentriolar body (BruÁanská and Poddubnaya 2006, Levron et al. 2006b ). Most of the molecular analyses place spathebothriideans as a basal group of Eucestoda and yet the only ultrastructural study on spermatozoa in the Spathebothriidea demonstrates the presence of a typical well-developed intercentriolar body in C. truncatus (BruÁanská et al. 2006) . The molecular study of Kodedová et al. (2000) is based on the analysis of only two species (Khawia sinensis and Hunterella nodulosa) which are in two of the four families of this order. In other studies by Olson et al. (2001) and Brabec et al. (2006) , the new sequences were obtained from five species representing all four families of the Caryophyllidea. The recent study by Waeschenbach et al. (2007) now includes seven species or about 5% of all caryophyllidean species. A far greater diversity of new ultrastructural and molecular data, from a greater variety of caryophyllidean species, particularly from Asia, is needed before we can apply them successfully in an analysis of cestode phylogenesis and evolution.
